Background: Pulsed radiofrequency (RF) magnetic fields, required to produce magnetic resonance imaging (MRI) signals from tissue during the MRI procedure have been shown to heat tissues. Objectives: To investigate the relationship between body temperature rise and the RF power deposited during routine clinical MRI procedures, and to determine the correlation between this effect and the body's physiological response.
Background
Magnetic resonance imaging (MRI) is a commonly used method of imaging soft tissue contrast (1) . Unlike X-ray-based medical diagnostic techniques such as computed tomography, MRI does not use ionizing radiation. MRI scanners have to date been considered safer (ionizing radiation-free) than other radiology diagnostic modalities. However, the frequency of MRI procedures has increased dramatically, with over 27.5 million studies in the United States (US) in 2007 (2) . Moreover, clinicians desire higher signal-to-noise (SNR) ratios for high-resolution MRI (3) (4) (5) . To meet these needs, the magnetic field strength used for MRI has increased gradually (6) .
Nevertheless, the use of MRI presents potential safety hazards, including strong static magnetic fields, gradient magnetic fields, and pulsed radio-frequency (RF) fields (7, 8) . The US Food and Drug Administration (US-FDA, Washington, DC) (9) (10) (11) and various studies report that static and gradient magnetic fields have no adverse effects on mammals up to 8 Tesla (T) (10, 12, 13) . ceptable levels are reached more rapidly with 3.0-T systems than with 1.5-T systems (12, 24) . Thus, the potential for thermal injury from excessive RF power deposition exists (7, 24, 25) .
Other physiological responses related to body temperature rise during an MRI scan have been observed in patients with impaired cerebral perfusion, such as stroke, tumors, or arteriovenous malformations (12, 26) . The potential increase in body temperature is also affected by patient age, heart rate (HR), body size and type, as well as the loss of body heat through metabolic processes (radiation, convection, and evaporation of sweat and ventilation, and humidity response to heat stress) (26, 27) . Additionally, the HR value decreases as the patient's age increases (28) (29) (30) (31) . The response of the body to heat stress is influenced by multiple physiological and environmental factors (12, 13, 32, 33) .
The increase in body temperature related to RFabsorption is well known. However, most studies used animal models in their evaluation of heat elevation by RF absorption. Few studies have been published regarding human physiological changes resulting from RF exposure during clinical use of MRI (1.5-or 3.0-T MRI) or routine sequence protocol (commonly used clinical sequence parameter). Previous studies have indicated that the body temperature increase is dependent on the SAR value of the MRI system (12, 15, 24, 34) . We hypothesize that the body temperature increase is dependent on the RF power deposited by the MRI system and the patient's physiological characteristics (12, 35) .
Objectives
The main objective of this study was to examine the vital signs of the patient, such as HR, oxygen saturation, age, sex, and body mass index (BMI) to find the association between these factors and the body's physiological response during 1.5-or 3.0-T head MRI scans (12, 25) . Therefore, we attempted to resolve the difference in the physiological response between 1.5-and 3.0-T scans, as well as determine which physiological response has a greater effect on increased body temperature when applied to a routine head MRI protocol for general use in the clinic.
Patients and Methods

Patients
Sixty-nine subjects (38 with imagery interpretation results confirming brain tumors and 31 normal brain patients) ranging from 10 to 77 years of age were selected at random from patients who visited the Korean national cancer center (NCC), Goyang-si, Republic of Korea. Table 1 shows a detailed description of patient classification. The patients were enrolled between December 2009 and March 2010 at the NCC. We received consent from the patients for participation in the study under clinical-MRI routine brain protocols and had the approval of the NCC Institutional Review Board (IRB). The patients were also asked to respond to a simple questionnaire to determine the presence of psychogenic symptoms, sensitivity to noise, or vertigo symptoms during the scan.
The inclusion criteria were enrollment by the IRB with a head MRI scan and a completed questionnaire. The following exclusion criteria were used to classify the cases: fever, hypertension, cerebral perfusion, brain tumor at thalamus, claustrophobia, pregnancy, and anesthetized patients.
Equipment
All of the clinical MRI scans were acquired with a 1.5-T system (Signa, General Electric Healthcare (GE); Milwaukee, WI, USA), a 3.0-T HDx system (GE), and a 3.0-T Philips scanner (Philips Achieva; Philips Medical Systems, Best, The Netherlands) using a standard clinical pulse sequence protocol. Table 1 shows the distribution of MRI types and subjects for head MRI scans. The RF transmission-receiving head coils were configured in an eight-channel regularphased array coil for the 3.0-T scans and as a one-channel 2
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coil for the 1.5-T scans. The RF power amplifiers (AMP) used for each scanner were as follows: GE 1.5 T: 16 kW, GE 3.0 T: 35 kW, and Philips Achieva 3.0 T: 25 kW. During the scans, the RF power stayed below the maximum SAR of 3 watts per kilogram of head weight (W kg -1 ) (to the head), which is based on the FDA-proposed MRI safety guidelines. The SAR values depend on the strength of the static magnet field, RF AMP, repetition time (TR), echo train length (ETL), and number of excitations (NEX). To diminish the effect of 1.5 T and 3.0 T, the brain MRI protocol was properly adjusted (Table 2). The scan time (24 minutes) for the 3.0-T units (GE and Philips) were similar with a slightly lower scan time than that of the 1.5-T unit (28 minutes). Regarding age and HR, the subjects for the 1.5-T and 3.0-T units were analyzed separately.
We used a Veris MR-compatible vital signs monitoring system (MEDRAD, Indianola, PA, USA) to measure O 2 saturation and HR during MRI scans of the brain. This system is designed for application in MRI environments up to 3.0 T, and monitoring is designed for attachment to the index finger. Vital signs were checked at four stages at 10-minute intervals during the scan: before and at the beginning, middle, and end of the MRI scan. The HR of each subject was analyzed over the course of the four-stage MRI process.
Body temperature was measured using an infrared tympanic thermometer (Thermoscan IRT 4520; accuracy range ± 0.2; Braun, Kronberg, Germany). We checked both tympanic membrane temperatures of the subjects before the MRI scan and immediately after the scan (within 1 min). If a difference between the two temperatures was evident, then the average temperature was recorded. The patient's vital signs were monitored continuously.
MRI Scanning
Subjects were in the supine position on an MRI table and were instructed to remain still during the imaging study. Subjects wore headphones to communicate with the researcher and attenuate the noise of the scanner; they were also provided with a hospital gown and were covered with a light blanket to keep warm. The MRI protocol sequence was as follows ( Table 2 ): 1) axial T2 fast spin echo (FSE), 2) axial T1 FSE, 3) axial T2 fluid-attenuated inversion recovery (FLAIR), 4) axial diffusion, 5) sagittal, 6) coronal T2 FSE, 7) axial T1 FLAIR, 8) sagittal T1 FLAIR, and 9) coronal T1 FLAIR. This protocol was applied to all subjects who underwent brain MRI. A routine clinical brain MR protocol was performed, with a scan time of~24 minutes for the 3.0-T units (HDx, GE, and Philips Achieva). The scan time was slightly longer for the 1.5-T unit (Signa, GE) using a similar protocol. The temperature and humidity of the MRI rooms were maintained at 20 ± 1°C and 40 ± 2%, respectively.
The main factor affecting body temperature rise is the SAR. Unfortunately, we do not have a device to measure the SAR value directly. Instead, SAR values were estimated automatically by the scanner-displayed SAR sequence, based on the input volume (70 kg in weight for all patients). It is not easy to compare the SAR values of the three types of MRI systems used in this study due to the different operation systems and characteristics (e.g., strength of the static magnetic field, RF AMP, repetition time, ETL, and NEX). SAR is a complex function of numerous variables that include the frequency, repetition time, type of RF coil used, configuration of the anatomic region exposed, and orientation of the body to the field vectors, as well as other factors (6, 12, 14, 16, 25) .
Statistical Analysis
The differences in the pre-scan and post-scan temperature dependence on magnetic field strength and resulting vital sign response (based on the subject's age, sex, BMI, oxygenation saturation, and HR), were determined from linear and multiple regressions using PASW ver. 18 (SPSS, IBM, NY, USA). Pearson's correlation coefficient analysis was used to evaluate correlations between HR, HR patterns, and body temperature increase. A t-test was used to compare the difference between HR pattern types (up and down patterns) and difference in the body temperature between 3.0-T and 1.5-T systems during the MRI procedures. For all statistics, 95% confidence intervals (CIs) were calculated and p values were considered significant at the level of 0.05. Figure 1 shows that the mean and standard deviation (SD) values of body temperature increase were dependent on the RF power deposited. The maximum temperature increase (its mean and SD) was 1.1 (0.72 ± 0.20)°C and 0.9 (0.6 ± 0.10)°C for the 3.0-T (25 kW and 35 kW) and 1.5-T systems (16 kW), respectively. Thus, there was a significant association between body temperature increase and the RF power deposited during an MRI scan (P = 0.049); higher magnetic field strengths increased SAR values possibly contributing to higher body temperatures.
Results
Association Between Body Temperature and MRI System
Association Between Age and Body Temperature Increase During MRI
It was reported that the body temperature increase during an MRI scan was correlated with the age of the patient (12, 36) . In this study, we evaluated the relationship between age and body temperature rise as a function of Iran J Radiol. 2016; 13(4):e34016. the RF power deposited. Our results indicated a slight difference between 1.5-and 3.0-T fields. Regarding 1.5 T, there was no significant correlation between age and body temperature rise (r = 0.07, P = 0.29). However, the body temperature increase observed with 3.0-T MRIs was clearly correlated with age, with a higher increase in older subjects (r = 0.45, P = 0.002). Figure 2 shows the correlation between body temperature rise and age.
Association Between HR and Body Temperature Increase During MRI Scan
Generally, HR can display an irregular pattern. Moreover, HR can demonstrate a more irregular pattern if the patients are placed in a noisy, confined space with a limited field of vision during the MRI. Therefore, according to a difference in the change in HR during the MRI procedure, the relationship with body temperature is determined.
The HR was checked at the beginning, middle, and end of the MRI scan. Three HR values were recorded at each checkpoint. These three values were averaged to calculate the mean HR value. Table 3 shows the results of the HR and temperature change during the MRI. The regression between the average HR value for each patient and temperature rise indicated no significant correlation at 1.5 T (P = 0.98; r = 0.09) or 3.0 T (P = 0.98; r = 0.08).
We then classified each HR pattern as "up" or "down" according to the change in HR during the MRI procedure. That is, if initially the HR was faster than the HR obtained at the end of the MRI procedure (the HR had slowed), then the HR pattern exhibited a downward tendency or "down" pattern. Conversely, if the initial HR was slower than the HR obtained at the end of the MRI, then the HR pattern exhibited an upward tendency or "up" pattern. Figure 3 shows a comparison of the up and down patterns of the HR and the corresponding body temperature response. Unlike the direct comparison between HR and body temperature increase, in this case, the body temperature increase depended on the type of HR pattern (up or down) during the MRI study (p = 0.04 at 1.5 T, and P = 0.03 at 3.0 T; ttest). That is, when the HR pattern during MRI scan was up (HR was fast), a smaller increase in body temperature was observed. Conversely, when the HR pattern was down (HR was slow), a greater increase in body temperature was evident. Additionally, the HR pattern may be classified as downward or upward during the MRI procedure. The difference in HR over the course of the scan was within ±5 in all subjects. Figure 4 shows the relationship between the increase in body temperature and the difference in HR dur-4
Iran J Radiol. 2016; 13(4):e34016. ing the MRI procedure (r = -0.42, P = 0.05 at 1.5 T, and r = -0.44, P = 0.002 at 3.0 T). That is, generally, the body temperature rise increased sharply when the HR tendency was downward instead of upward during the MRI procedure.
Association Between Temperature Increase and Age, and HR
The relationship between age and body temperature was related to HR and changes in HR pattern during the MRI study. To determine the effects on body temperature as a function of age, the subjects were divided into three categories: 10 to 39 years, 40 to 59 years, and older than 59 years. Figure 5 shows the relationship between the mean body temperature increase and HR pattern during the MRI procedure, according to age. An increase in the mean body temperature was observed in older subjects (the mean body temperature rises were 0.6, 0.69, and 0.75°C for subjects aged younger than 39 years, 40 to 59 
Physiological Responses Results
Average HR, Mean ± SD (BPM)
Initial ( Abbreviations: HR, heart rate; SD, standard deviation; BPM, beat per minute a Initial and final indicates before and after brain MRI.
displayed a downward pattern during the MRI procedure). Furthermore, the relationship between body temperature rise and age showed a greater effect on 3.0 T (the mean body temperature rises were 0.6, 0.73, and 0.80°C for subjects aged younger than 39 years, 40 to 59 years, and older than 59 years, respectively, when the HR showed a downward pattern during the MRI procedure). Thus, the HR data indicated that older patients have a decreased HR compared with younger patients.
Association Between Temperature Rise and Physiological Parameters (Weight or BMI, Gender, and O2 Saturation)
We assumed that the thermoregulatory responses would depend on the specific heat capacity and body surface area. However, the results indicated that body weight did not affect body temperature increase during an MRI scan (r = 0.13, P = 0.43 at 1.5 T; r = -0.1, P = 0.46 at 3.0 T). There was no correlation observed between the BMI and body temperature increase in the 1.5-T unit (r = 0.012, P = 0.60), but a weak correlation was observed in the 3.0-T units (r = 0.05, P = 0.12 at 3.0 T).
We also assumed that the thermoregulatory responses would depend on gender/sex. Generally, male subjects showed a greater mean body temperature rise (0.66 and 0.70°C for 1.5 T and 3.0 T, respectively) than female subjects (0.59 and 0.66°C for 1.5 T and 3.0 T, respectively). However, the male subjects were older than the female subjects (mean female age: 54.6 and 51.4 years for 1.5 T and 3.0 T, respectively; mean male age: 60.8 and 55.9 years for 1.5 T and 3.0 T, respectively). However, a weak correlation (r = -0.22, P = 0.11 at 1.5 T; r = -0.13, P = 0.33 at 3.0 T when coded as male (code 1) and female (code 2)) was observed between sex and body temperature increase during MRI, but without statistically significant results. No significant correlations were found between O2 saturation and body temperature rise during MRI (r = -0.02, P = 0.93 at 1.5 T; r = -0.03, P = 0.83 at 3.0 T).
Body Temperature Increase and Cognitive Function
We assumed that the thermoregulatory system was dependent on the psychological condition of the subjects, as well as the physiological response of the body to RF heat stress. Because the patients were placed in a noisy, long, confined space, with a limited field of vision during the MRI procedure, it was expected that they felt uncomfortable. All of the subjects were asked about how they felt during the MRI procedure. Their comments were classified based on the degree of the response, which varied from calm/sleepiness to anxiousness/claustrophobia. However, no relationship was identified between psychological condition and body temperature rise. Fourteen (67%) patients were placid; six (28%) felt anxious; and one (5%) experienced claustrophobia during the 1.5-T MRI scan. During the 3.0-T MRI scan, 1 (2%) fell asleep; 1 (2%) had relief; 25 (52%) were placid; and 21 (44%) felt anxious. The correlation between mental state and body temperature rise was r = 0.33 for 1.5 T, and r = 0.29 for 3.0 T.
Discussion
The purpose of this study was to investigate the relationship between body temperature rise and the RF power deposited during a routine clinical head MRI examination, and to determine the correlation between this effect and the physiological response of the body. Our results showed that measurable heating of the body occurred during routine head MRI scanning despite maintaining a magnet temperature of 20 ± 1°C and holding the relative humidity at < 40%. Note that only a single cotton blanket was placed over the patient to reduce passive heat loss.
The increase in body temperature caused by absorbed RF energy during MR procedures depends on various physiological, physical (MR system), and environmental factors (12, 37) . The amount of heat generated depends on the amount of RF energy absorbed during MR acquisition, because most RF energy is converted into heat (13, 15, 34) . As SAR values increased with the main magnetic field strength, the body temperature rise was much higher for the Tesla scans due to the amount of RF energy absorbed (12, 16, 37) . In our study, the maximum increase in body temperature exceeded 1.1°C after 30 minutes of scanning at 3.0 T (1 patient). In contrast, only 1 of 21 patients (4.7%) who underwent 1.5-T scans exhibited a body temperature increase of up to 0.9°C (25% of those undergoing 3.0-T scans [12 of 49 patients] demonstrated such a temperature increase). As SAR values increased with the main magnetic field strength, body temperature rise was much higher for the 3.0-T scans due to the amount of RF energy absorbed compared with the low-field strength scans at 1.5 T (15, 38) .
Our investigation of the physiological response to RF heating indicated a correlation between increasing age and body temperature. The maximal HR (HR max ) dependence on age (29, 39) and the stroke volumes are given by the following Equation 1:
(1) HRmax = 220 − age (2) Stroke V olume = Cardiac Output HR According to the relationship between age and HR, maximum HR value and cardiac output volume decrease with age. Several studies have reported variation in the blood circulation time as a result of complex factors. The function of the left ventricular ejection time (LVET) and HR is expected to degenerate with age (29, 40, 41) . Therefore, circulation time increases with age (29, 39, 41, 42) .
Body heat resulting from RF radiation exposure is dissipated by means of convection, conduction, radiation, and evaporation (13, 37) . A physiological response is associated with age; a decrease in aerobic power, evaporative sweat rate, cardiovascular fitness of the maximal HR, blood flow, and tolerance to heat stress was observed in older individuals (12, 37, 42, 43) . Because increase of age was associated with a decrease in the body's thermoregulatory response, heating caused by exposure to RF radiation was higher for older patients. The results of the relationship between age and body temperature rise were r = 0.07 and P = 0.29, indicating no correlation for 1.5-T scans. However, in patients who underwent 3.0-T MRI scans, there was a clear relationship between age and body temperature rise (r = 0.45 and P = 0.002). Older subjects experienced a higher temperature increase. Therefore, age may be related to the HR value (24, 32, 44) . The 3.0-T scanners had twice the magnetic field strength and a much higher SAR value than the 1.5-T systems. Additionally, the distribution of subject age in this study was larger for the 3.0-T group (53.95 ± 12.96) than the 1.5-T group (56.47 ± 9.56), which allowed observation of this relationship (a greater increase in body temperature for the 3.0-T scans). Figure 5 shows the association between body temperature increase and HR pattern according to age category. The relationship between temperature and HR pattern according to the age of the patients undergoing the 3.0-T procedure ( Figure 5B ) was clearer than that for subjects assessed with other types of MRIs ( Figure 5A ) due to the marked temperature change in response to RF exposure. The results also showed that the dependence on the change in HR (r = -0.42, P = 0.05 at 1.5 T, and r = -0.44, P = 0.002 at 3.0 T) was greater than that on the age (r = 0.06, P = 0.77 at 1.5 T, and r = 0.41, P = 0.02 at 3.0 T) of the subject. The HR pattern during the MRI study was the most sensitive physiological response evaluated in this study.
Human blood circulation is transferred to peripheral tissue with energy supplied by cardiomotility, which may also serve as a thermoregulatory system for the body. Blood circulation may lower localized temperature increase in the body by eliminating water transfer from the blood to the outside (18) .
A previous study of the influence of increased temperature on the blood perfusion rate indicated that to remove the excess heat produced when the temperature exceeds a certain level, as detected at the hypothalamus (33, 36) , blood perfusion to the skin is increased via vasodilation. However, thermoregulation via sweating was slight in the previous study (36) .
Our findings indicated that age and HR pattern were the physiological responses related to heating; however, patient sex, weight, BMI, O 2 saturation, and psychological response did not correlate with the rise in body temperature. Therefore, cardiac output or blood circulation (blood flow rate and blood volume) is a major factor that controls body temperature. We hypothesized that body temperature rise is affected by body type or BMI (26, 27, 32) .
Based on FDA (2004) findings, we present the following Equation 2 for SAR:
Where σ is the electrical conductivity, E is the amplitude of the electric field strength, and ρ t is the tissue density in kg m -3 (28) . We speculated that the higher the density of the subject, the greater the increase in body temperature. Therefore, an increase in the BMI should be accompanied by an increase in the ability of the body to absorb as well as dissipate heat. However, our data showed no significant correlation with weight or BMI.
Over the course of a 30-minute MRI scan, the body gradually loses its ability to maintain its regulatory system (homeostasis) (11, 37) . Especially in patients with impaired cerebral perfusion or those who are pregnant, continuous elevations in RF exposure may not be appropriate due to an improper thermoregulatory response (12) . In our study, two patients were anesthetized, and two were pregnant while undergoing MRI. Anesthetized patients are thermodynamically fragile, so their body temperature increased more during the MRI study. In addition, the pregnant patients complained of a stifled feeling with the rise in body temperature, which eventually led to abandonment of MRI. We attributed this response to the confined 8
nature of the MRI system. Although the results of the anesthetized and pregnant patients are not reflected in the outcome, they provide a good example of thermodynamically fragile subjects. Poor heat dissipation in body parts with a higher water density, such as the testicles and eyes, will result in a relatively rapid temperature increase (7, 32, 37) .
Another vital response was related to the body temperature rise during an MRI procedure in patients with impaired cerebral perfusion due to stroke, tumors, or arteriovenous malformation (12, 26) . Although some of the brain-MRI scanned patients (56.5%) had a tumor, according to the radiologist's interpretation of the images, no significant change in temperature was evident (linear regression, P = 0.1).
The response of the body to RF-related heating depends on multiple physiological (e.g., thermoregulatory system, hypertension, diabetes, etc.) responses (33, 37) and MR factors (e.g., duration of exposure, RF power AMP, and sequence type) (22) . Our results showed a maximum temperature rise of 1.1°C for a 3.0-T MRI scan; thus, the higher the RF power deposited, the greater the increase in body temperature. As the magnetic field strength is increased to provide higher contrast in MRI, MRI examiners are encouraged to consider the risks associated with sudden increases in temperature, which could jeopardize the health of the patient, particularly those with an impaired thermoregulatory system, including the elderly. Although the adverse health effects secondary to RF exposure remain unknown, they may not be so minor as to be ignored (21) .
We know that the effects of environmental changes on body heat response are decided by several physiological responses. Nevertheless, this study focused on the elevation of temperature via limited variables (RF Amp, HR, age, and BMI) during MRI performance.
In conclusion, the higher the RF power deposited and the greater the decrease in HR, the greater the increase in body temperature resulting from MRI procedure. Our findings indicated that the change in HR was a major factor in the degree of thermoregulatory response to RF heating.
In normal individuals, relatively high magnetic field exposure may not be an issue due to functional thermoregulatory responses (10, 12, 14, 37) . However, many patients who undergo MRI procedures are impaired (fever, hypertension, impaired cerebral perfusion, brain tumor, and decreased HR). Additionally, particular medications (muscle relaxers, sedatives, beta-blockers, and diuretics) have a synergistic effect with heating caused by RF radiation exposure (37) . Thus, MRI examiners must strictly follow FDA and international commission on non-ionizing radiation protection (ICNIRP) guidelines (9, 45, 46) . This study had several limitations. First, body temperature was measured not during the brain MRI scan but after the scan. An MRI-compatible thermometer was not available to measure the body temperature during the MRI procedure; thus, the peak increase in body temperature could not be checked by RF pulse. Instead, an infrared tympanic thermometer was used to monitor changes in the body temperature immediately after brain MRI.
It is not easy to compare SAR values of the three types of MRI systems used in this study due to different inner workings (different operation systems) and characteristics (e.g., strength of the static magnet field, RF AMP, repetition time, ETL, and NEX). The main factor affecting body temperature rise is SAR. Unfortunately, we do not have a device to measure SAR value directly. However, SAR values were estimated automatically by scanner-displayed SAR sequence based on the input volume (70-kg weight for all patients).
Our survey data showed a weak correlation between mental state and temperature rise. Mental state is a subjective response from the questionnaire. So, further studies with more subjects is needed to confirm the association. 
